ABSTRACT
Introduction
Posttranslational modifications of proteins play an important role in regulating 'cellular activities by enabling cells to respond .to intra-and extracellular stimuli in a directed and dynamic manner. l A prominent modification that affects many, if not all, proteins in a eukaryotic cell is the covalent attachment of ubiquitin ('ubiquitylation') that plays a key role in the control of signaling pathways and other fundamenta l cellular processes.2-s Ubiquitin (Ub) is an essential eukaryotic protein consisting of 76 amino acids and is highly conserved in evolution (e.g., Ub derived from baker's yeast and humans share 96% sequence identity). Modification of proteins with Ub can result in the formation of different conjugates. In its simplest form, termed mono-ubiquity lation, a single moiety of Ub is attached to a Lys residue of a substrate. The linkage is formed via an isopeptide bond between the E-a mino group of the Lys residue and the carboxyl group of the C-terminal Gly (G76) of Ub. Alternatively, several Ub moieties can be attached to different Lys residues of the substrate, which is referred to as mu ltiple mono-ubiquitylation. Furthermore, Ub itself contains seven Lys and as each of these as well as the N-terminal amino group can serve as acceptor for Ub, proteins can be modified by Ub chains that differ in length and the Lys residue(s) used for chain formation ('poly-ubiquitylation').c; It is commonly assumed that the type of ubiquitylation determines the fate of a modified protein. 7 The best known function of poly-ubiquitylation is targeting proteins for proteasomal degradation. However, poly-ubiquitylation and in particular mono-ubiquitylation have many other, non-proteolytic functions. 8 - lo For example, mono-ubiquitylation can alter protein-protein interaction properties,l \-1 3 sub-cellular loca li zation 14 .I S or the biochemical function 16 . 17 of a protein. Along these lines, mono-ubiquitylation plays an important role in the regulation of proteins involved in DNA repair pathways including base excision repair. l8 -22 Nevertheless, in many cases it remains obscure how Ub modification affects the activity of the respective proteins.
A general obstacle in the ubiquitin research field has been the lack of sufficient amounts of homogenously mono-ubiquitylated proteins (i.e., modified at a defined Lys residue) for detailed biochemical analyses. 2 3 -25 Recently, a number of approaches have bee n developed for site-specific conjugation of Ub to Ub or other proteins,26-28 including native chemicalligation,29-3l oxime-based ligation,32 thioether ligation,33 intein based two-step expressed protei n ligation (EPL)34 and Cu(I)-catalyzed azide-alkyne cycloaddition (click reaction).3s-38 Taking advantage of the click reaction, our group established a straightforward approach that combines chemical and biological tools without the need of solid phase peptide synthesis or laborious eukaryotic cell culture. 3 (;.39. 40 The click reaction relies on a 1 ,3-dipolar cycloaddition between an azide and a terminal alkyne that resu lts in the formation of stable l,4-disubstituted triazoles at physiological conditions via Cu(l) catalysis. 41 -43 For the use with proteins, the method has bee n refined over the yea rs. Instead of using Cu(l) salts, the catalyst can be prepared in situ by reduction of Cu(ll) salts like CUs04. 44 Besides ascorbate, th e water soluble tris-(carboxyethyl)phosphine (TCEP) w as shown to be a suitable reductant when working with protei ns. 45 Furthermore, the instability of Cu(l) favors oxidation to Cu(ll) or di sproportionation to Cu(O) and CU(ll) shutting down th e Cu(I)-mediated catalytic cycle, for example, in the presence of atmospheric oxygen. Therefore, using click reaction for the modification of proteins under aerobic conditions requires additives tha t stabili ze the Cu(l) species and prevent oxidative damage of proteins. Polytriazoles such as tris-(benzyltriazolylmethyl)amine (TBTA) or tris-( hydroxypropyltriazolylmethyl)amine (THPTA) have been identified as powerful Cu(I)-stabilizing ligands while enhancing the catalytic activity of Cu(I) and thereby accelerating the reaction. 46 To install the bioorthogonal functionalities enabling click reactions with ubiquitin, we make use of unnatural amino acids (UMs). Their incorporation into proteins is enabled by the fact that analogs of naturally occurring amino acids (AAs) are often accepted by the aminoacyl tRNA synthetase (MRs)/tRNA AA pair of the natural AA. Particularly, the methionine analog azidohomoalanine (Aha, Fig. 1A ) and the propargyl-protected pyrrolysine (Pyl) analog (Plk, Fig. 1 B) have been used. The resulting non-natural triazo le bond provides several advantages. It mimics the peptide bond by offering simi lar electronic properties and configuration of atoms,41.47-49 while resisting proteolytic cleavage.
To provide a C-terminal az ide, the Cly76 codon of Ub was mutated to a Met codon. The resulting Ub variant (Ub C76M) was expressed in Escllericllia coli and incorporation of the Met analog Aha was achieved using the selective pressure incorporation method (sPI).36 sPI utilizes bacterial strains that are auxotrophic for one of the twenty canonical M .50 By exploiting the inability of the AARs to di stinguish between structurally and chemically similar substrates 51 , replacement of the canonical M with its analog in the whole proteome is achieved. 52 As Ub C76M contains two Met/Aha residues (encoded by the initial ATG codon and the ATG codon introduced at position 76), the initial Aha residue needs to be removed to ensure that click reaction occurs exclusively at position 76. This was achieved by co-translational removal of the Nterminal Aha by the endogenous Met aminopeptidase (MetAp).:J6 However, thi s approach may not be feasible for Met analogs other than Aha, as they may not or only poorly be recognized by MetAP. To introduce the alkyne functionality, we used the propargylderivatized pyrrolysine (Pyl) analog Plk in combination with the PyIRs/tRNAPyI pair of M et/wnosa rcina barkeri. Upon introduction into E. coli, this orthogonal pair enables the suppression of an amber stop codon (UAG) when a suitable (U)AA, like Plk, is provid ed. 53 -55 The method is referred to as amber codon suppression (stop codon suppression, SCS) and was successfully A Azidohomoalanine (Aha)
Propargyl·derivatized lysine (Plk) Figure 1 . Chemical structu res of the unnatural amino acids incorpora ted.
3431
used by us for the replacement of a Lys residue by Plk at defined positions of Ub and PCNA. 36 .
39
Human DNA polymerase (Pol) p, which plays an important role in base excision repair,56-58 is a known target for ubiquitylation with three Lys residues (Lys41, Lys61 , and Lys81) serving as acceptor sites for Ub. 18 . 57 Howeve r, if and how mono-ubiquitylation affects the biochemical properties of Pol p is currently unknown. As a first step to address this important question, we developed a one-step purification protocol for Ub variants containing Aha at position 76 that is also suitable for any other Met a nalog. Furthermore, while improving the efficiency of the click reaction between Ub G76Aha and Plk-containing Pol p, we found that in the presence of the detergent sodium dod ecyl sulfate (50S), yiel ds up to 70% of Pol p-Ub conjugates were ach ieved.
Results and discussion
For the generation of defined Ub conjugates by click reaction, the Met analog incorporated at position 1 of Ub (note that Ub does not contain any other Met) by sPI needs to be co-or posttranslationally removed. While in principle the re moval can be achieved during expression of Ub in bacteria by MetAP, this enzymatic reaction may not be quantftative. Indeed, we found that cleavage effici ency of the initial Aha varied b etween different preparations and, moreover, that removal of the Met analog homopropargylglycine (Hpg) was generally rather inefficient (data not shown).
To develop an sPI-based approach that is generally applicable regardless of the Met analog used, we reasoned that proteolytic removal of the first M of Ub or a Ub fusion protein should be performed under defined in vitro conditions by using site-s pecific proteases. Hence, we introduced different protease cleavage sites between the translational start codon and the second codon of Ub. Additionally, to allow easy separation of cleaved Ub from unprocessed Ub, an affinity tag was inserted upstream of the protease cleavage si te. Initially, Ub variants with an N-terminal His 6 -tag followed by a thrombin orTEV protease cleavage site w ere generated. However, with both constructs hardly any cl eavage was observed, even when different linkers between the HisG-tag and the cleavage sites were tested (data not shown). Thus, in the next set of ex periments, another affinity tag was used. An N-terminal fusion of glutathione s-transferase (CST) to Ub has previously been used for affinity purification. Furthermore, a thrombin cleavage site between CST and Ub has been shown to permit quantitative cleavage of the fusion protein. 59 Accordingly, a cONA of Ub without the initial ATG codon but el) coding the G76M mutati on was cloned into the pGEX2TI< vector downstream of GsT and the thrombin cleavage site. Following expression of the fusion construct in the presence of Aha, purification of Ub G76Aha was readily achieved by a one-step approach ( Fig. 2A) .
In detail, upon expression, cell harvest and lysis, the clarified cell lysate was loaded onto a CST trap .column, followed by washing with 1 x PBS buffer until elution of proteins was no longer observed, as confirmed by 50S-PAG E (Fig. 2B, lanes 1-3 ) . Then, thrombin cleavage was carried out with 20 U overnight at room temperature. Finally, Ub G76Aha was eluted by washing with 1 x PBS buffer (Fig. 2B, lanes 4-8) . The marginal impurities vi sible at higher molecular weights were avoided by decreasing the amount of thrombin used to 5 U (Fig. 3A) . The id entity of Ub G76Aha and the absence of the N-terminal CST was verifi ed by mass spectrometly (Fig. 3A) .
Re markably, replacement of the eight Met residues present in CST by Aha does apparently not affect its stability and affinity for glutathione in a significa nt manner. Th e reco mbinant GsT is still expressed in the soluble fraction and binds to glutathion (Fi g .. 2B, lanes 9-11). However, GST -Ub G76Aha was expressed at significantly lower levels than untagged Ub G76Aha. To optimize this process, expression at different cell densities was tested (Fig. 2C) , since in case of SCS, expression at elevated cell densities was reported to result in enhanced protein yield. GO Indeed, we also found for SPI that expression at an increased cell density greatly improves the yield of GST -Ub G76Aha (Fig. 2C ) . Normalized to the amount of free Aha added, the high~st expression of the fusion construct was observed at an 00 of 8. Consequently, all furth er expressions were carried out under these conditions. Following this approach, Ub G76Aha was purified with a yield of approx imately 9.5 mgtl expression culture. In order to investigate the reactivity of purified Ub G76Aha (Fig. 3A) . we performed a click reaction with Pol ~, a known substrate of Ub. ,s ,57 To this end, a human Pol ~ variant with Plk incorporated at position 61 providing the alkyne functionality was generated. Plk was incorporated by SCS and Pol ~ 1<61 Plk was purified to homogeneity by a two-step approach (Fig. 3B) . ESI-MS analysis of the purified protein revealed two species, both corresponding to the mass of the full-length protein with Plk incorporated instead of a Lys residue. Spontaneous ex-N-6-phosphogluconoylation of the His 6 -tag in E. coli is responsible for the observed deviation of 249 Da. fi l Purified Ub G76Aha and Pol ~ 1<61 Plk were incubated under click reaction conditions. The molar excess of Ub G76Aha over Pol ~ 1<61 Plk varied from five -tenfold in order to maximize conversion of the latter protein to the conjugated form. Initially, reactions were carried out with ascorbate as reductant for 2 h at 4°C. Furthermore, the influence of different total concentrations and ratios of ascorbate: TBTA CUS04 on the reaction efficiency was evaluated (Fig. 4A ). In all cases tested, only minor conjugation of Pol ~-Ub could be detected, as determined by the appearance of a new band on the SDS gel at about 501<Da. Therefore, additional reaction parameters including Cu(J) sources, reductants, Cu(l) ligands, incubation time and temperature were varied. However, the reaction efficiency remained at a low level (data not shown). Finally, the effect of varying concentrations of SDS in the click reaction was analyzed (Fig. 4B and C) . Concentrations of 0.25 mM SDS or higher led to a significant increase in product formation with yields up to 40% (Fig. 4B) . These reactions were performed with 1 mM ascorbate, 10 J..lM TBTA and 1 mM CUS04 for 15 min at 4°C. To investigate if the effect of SDS is independent of parameters such as incubation time and reductant, click reactions were also performed with 2 mM TCEP, 20 ~LM TBTA and 2 mM CUS04 for 2 h at 4°C (Fig. 4C) . In this case, a product yield of up to 70% was observed with an SDS concentration of 0.25 mM or higher.
For further analysis, the band corresponding to the Pol ~-Ub conjugate was excised from the SDS gel and subjected to tryptic digest. Subsequently, the fragments were analyzed by mass spectrometry. The triazole linkage between the C-terminus of Ub and position 61 of Pol ~ was identified by two individual fragments (Fig. 4D) . This result verifies that the anticipated reaction product . was formed and demonstrates the incorporation of the UAAs at the expected positions.
Conclusion
In this work, we have developed an efficient method for generation and purification of Ub variants containing the Met analog Aha at the C-terminus. Furthermore, utilizing the Cu(I)-catalyzed azide-alkyne reaction, we generated homogenously mono-ubi quitylated Pol ~ in vitro. During these studies, we found that the addition of SDS at concentrations that presumably do not distort the conformation of a protein 62 .(B greatly enhances formation of the Pol ~-Ub conjugate. Thus, addition of SDS may represent a general approach to improve the conjugation efficiency of Ub to any protein of interest. Further experiments will clarify this aspect by utilizing conjugation partners other than Pol ~.
In conclusion, two major methodical advances for the efficient generation of bioorthogonally linked, defined mono-ubiquitylated proteins have been made. Improved availability of such conjugates will offer new possibilities to study the diverse effects of ubiquitylation.
Experimental section

Expression and purification of Ub G76Aha
The gene coding for human Ub G76M was codon optimized for expression in E. coli and synthesized by GeneArt. Upon removal of the 5' ATG codon, the cDNA was cloned into the pGEX2TI< plasmid using BamHI and EcoRI, resulting in an open reading frame encoding an N-terminal GST fusion to Ub. For recombinant expression, Met auxotrophic E. coli B834 (OE3) was transformed with this construct. Cells were cultured in NMM,sO containing 0.06 mM Met for 14-18 h at 37°C, until stationary phase was reached (00 600 = 0.9-1.0). Cells were harvested by centrifugation and resuspended in fresh NMM containing 0.5 mM Aha corresponding to 10% 'of the initial culture volume. After incubation for 30 min at 37 0(, expression of the GST -Ub G76M fusion construct was induced with 1 mM !PTG. After additional 4 h, cells were harvested by centrifugation and resuspended in lysis buffer (1 x PBS, 1 % Triton X-100) and lysed by sonication. The lysate was clarified by centrifugation and the supernatant was loaded onto a GST-TrapFFTM column (GE HEALTHCARE). GST -Ub G76Aha was incubated with 5-20 U thrombin for 14 h at room temperature to cleave the fusion protein downstream of GST. Ub G76Aha was purified by washing the column with 1 x PBS buffer. The purity of the resulting samples was judged by SOS-PAGE, the concentration of Ub was determined by absorption spectroscopy and samples were stored at 4 0c. 4 .2. Effect of expression culture cell density on the yield of GST-Ub G76Aha E. coli B834 (OE3) harboring pGEX2TI<....Ub G76Aha were cultured in NMM containing 0.06 mM Met at 37°C for 14-18 h until stationary phase was reached. Oifferent volumes of the culture (100,50 aild 10 ml) were harvested by centrifugation. Each sample was resuspended in 10 ml fresh NMM containing 0.5 mM Aha, resulting in three expression cultures with different cell densities (00 600 = 0.8, 4.0 or 8.0). After incubation for 30 min at 37°C, expression of the GST -Ub G76M fusion construct was induced with 1 mM IPTG and cells were incubated for additional 4 h. Cells were harvested by centrifugation, resuspended in lysis buffer (1 x PBS, 1 % Triton X-100) and lysed by sonication. Glutathione beads were added to clarified Iysates and samples were gently agitated for 2 h at 4°C. The beads were washed 3 times with lysis buffer and finally supplemented with SOS-Ioading buffer. For all three expression cultures, equal sample' volumes were analyzed by SOS-PAGE followed by Commassie blue staining.
Expression and purification of Pol p 1(61 PII<
The nucleotide sequence of human Pol fI, modified with an Nterminal HisG-tag and a small linker (TOP) between tag and poly" merase, was optim ized for expression in E. coli and synthesized by GeneArt. The Lys 61 codon of Pol fI was replaced by an amber codon, using site-directed mutagenesis. The resulting cONA was inserted into the multiple cloning site of pET11 a using Hindlll and Xbal. The vector additionally contained an expression cassette for the tRNAPyI gene in its backbone. 36 For recombinant expression via amber codon suppression, E. coli BL21 (OE3) was co-transformed with this plasmid and the pRSFOuet-1 vector, contain ing the PylRS gene from MetllOnosarcina barkeli. 36 Cells were cultured in LB medium supplemented with the appropriate antibi otics at 37°C. At an OOG OO = 0.3, 1 mM Plk was added and at OOG OO = 0.8, expression was induced with 1 mM IPTG. After 7 h, cells were harvested, resuspended in lysis buffer (20 mM Tris-HCI, 500 mM NaC!, and pH 7.9) supplemented with 1 mM PMSF and 5 mM imidazole. Cell lysis was achieved by sonication. The lysate was clarified by centrifugation and Ni 2 +-IDA beads were added to the supernatant. After incubation for 1 h at 4 0(, beads were washed with lysis buffer supplemented with in creasing concentrations of imidazol e (10, 15, and 50 mM). Following elution of Pol fI with 250 mM imidazole, dialysis against 20 mM Tris-HC!, 50 mM NaC!, pH 7.9 was performed. Subsequently. the protein was loaded onto a HiTrapTM SP HP column (GE HEALTH CARE) and eluted with a linear gradient from 50 mM to 1 M NaC! over 15 column volumes. Fractions containing pure Pol fI were pooled. dialysed against 20 mM NaAc, pH 5. and the protein concentration was determined by absorption spectroscopy. For storage, glycerol was added to a final concentration of 50% and samples were kept at -20°C.
Click reaction
Pol fI K61 Plk at a final concentration of 5-1 0 J..lM in 20 mM NaAc pH 5.0 was mixed with a five to 1 O-fold molar excess ofUb G76Aha in 1 x PBS. For the reaction, different amounts of eithe r ascorbate or TCEP as reductant, TBTA and CUS04 were added. Fin a l concentrations of reductant and CUS04 between 1 and 5 mM were tested, with ratios ranging from 1:1 to 5:1. The amount of TBTA versus CUS04 was varied between 0.01: 1 and 0.1: 1. In order to prevent Cu-induced protein oxidation, reaction vessels were flushed multiple times with argon. After incubation at 4°C for 15 min up to 120 min, reactions were stopped with a 10-fold molar excess of EOTA over copper. Yield of product was analyzed by SDS-PAGE followed by Coomassie blue staining.
Mass analysis
The removal of the N-terminal Aha by thrombin cleavage was confirmed by mass analysis of the full-length protein by ESI-MS.
The mass corresponding to full-length Pol fI K61 Plk was determined by LC-ESI-MS. To confirm the linkage formed by click reaction, a trypsin in-gel digest was performed and the resu lting fragments were analyzed by MALDI-MS.
The thrombin-cleaved Ub G76C was measured by ESI-MS at the 'Functional Genomics Center Zurich'. For MALDI-MS, samples were desalted via Pierce® C18 Tips (Thermo Scientific) and analyzed on a Bruker Microflex MALDI-TOF. LC-ESI-MS was performed on a Thermo LTQ Orbitrap Oiscovery equipped with an Eksigent 20-nano HPLC for LC.
